Chalcogenide glasses or amorphous semiconductors are the attractive materials for optoelectronics investigations. Surface morphology and crystallization kinetics parameters are play an important role to define their possible uses. In such materials a metal containing multicomponent alloy offers fractured surface morphology. Therefore, this work deals the fractured surface morphologies and crystallization kinetics of Se 93−x Zn 2 Te 5 In x (0 ≤ x ≤ 10) multicomponent chalcogenide alloys. These materials have been exhibited the glass transition temperature (T g , onset crystallization temperature (T c , peak crystallization temperature (T p at different DSC heating rates. Activations energies (E t , E c and E p of crystallizations at T g , T c and T p can be obtained by employing the Moynihan and Takhor described approaches. Subsequently, the order of crystallizations (Avrami exponent (n)) also has been discussed. Outcomes demonstrate the surface morphology and crystallizations kinetics parameters vary with alloys compositions and obtained optimum for 6 atomic weight percentage of indium concentration. Surface morphological and crystallizations kinetics parameter variations in these materials could be explained with the help of chemical bond theory of solids.
INTRODUCTION
Metal chalcogenides become attractive [1] [2] [3] in the decade for investigations in field of optoelectrics and photonics. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Specifically Se-based metal containing multicomponent chalcogenide glasses has been getting much attention. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Se-based metal containing chalcogenids have been exhibited higher glass forming ability, higher thermal stability, with rather distinct (not complete homogenous surface) surface morphology compare to conventional (S, Te and Se) binary and ternary chalcogenide glasses. [14] [15] [16] [17] [18] [19] [20] Conventionally it is believed the surface morphology of bulk chalcogenide glass has homogeneous surface in which there is no specific morphological growth. But in recent years this conceptual view for these materials has been changed, now it is well recognized [21] [22] [23] [24] [25] that a metal containing multicomponent chalcogen alloy can be developed fractured micro surface morphology within the glassy phase. Fractured surface morphology in these materials arises due to micro scale crystallizations. In influence of micro scale crystallizations it is quite possible to a glassy system can be developed inhomogeneity within the structure. [21] [22] [23] [24] [25] The developed micro scale inhomogeneity can be enhance the working performance of a glassy material. Therefore, it is Email: abhaysngh@rediffmail.com Received: 6 May 2012 Accepted: 17 June 2012 significant to analyze the surface morphologies of subjected multicomponent chalcogenide glasses.
Study of crystallization kinetics of chalcogenide materials can be provided the detail information about their durability in working conditions. 26 27 Crystallization kinetics study of a glassy material can be performed in the two distinct modes of Differential Scanning Calorimetry (isothermal or non-isothermal). In the isothermal mode the specimen is brought near to the crystallization temperature very quickly and drastic change in physical quantities is measured as a function of time. In non-isothermal mode the specimen is heated at a fixed rate and change in physical parameters recorded as a function of temperature. In modern days investigators 28 preferred to perform the DSC measurement in non-isothermal mode. Owing to difficult to ensure the homogeneity of DSC furnace temperature in isothermal mode during the injection of the specimen.
Usually kinetics parameters in these materials have been interpreted at T g , T c and T p by employing the Hruby, Ozawa, Augis and Bennett, Moynihan and Kissinger [29] [30] [31] [32] [33] approximations. It also well recognized theses approximations based on JMA [34] [35] [36] [37] Torr to avoid the reaction of glasses with oxygen at high temperature. A bunch of sealed ampoules was heated in electric furnace up to 1173 K at a rate of 5-6 K/min and kept at that temperature for 10-11 h. During the melting process ampoules were frequently rocked (in time period every 30 to 40 min) to ensure the homogeneity of molten materials. After achieving the desired melting time, the ampoules with molten materials were frequently quenched into ice cooled water. Ingots of glassy materials were obtained by breaking the ampoules. Obtained materials amorphous nature was confirmed by PHILIPS XRD. 38 Microscopic morphology analysis of as-prepared materials were performed with high resolution Scanning Electron Microscope (SEM, Model No-JEOL 840A Japan made) in magnification range 1000×. To prevent the samples surface damages and ensure the conducting nature the gold coated specimen was used. DSC measurements were performed from SHIMAZADU (Model TA 60, Japan made) with an accuracy of ±1 K. The instrument was calibrated for each heating rate with materials well-known melting temperatures which supplied with the instrument. The melting enthalpy of indium and lead were used for lower and higher limits. The fine powder form of as prepared materials (∼ 5-8 mg) were loaded into aluminum pans for each continuous heating rate ( = 5, 10, 15 and 20 K (min) −1 and scanned from 308 to 523 K. Almost care was taken to insure the size homogeneity of powder materials.
RESULTS

Surface Morphology
Microscopic surface morphologies of the subjected glasses are exhibited in Figures 1(a) -(e). The fractured, rough and dry surface morphologies reveal the information regarding to electronic conduction behaviours of the glassy materials. Such kind lush micro morphology of amorphous semiconducting glasses demonstrates materials either nonconducting or less conducting. Outcome of this study has show surface morphology of 0 at wt% indium concentration glass is more random, fractured and dry as compare to indium containing glasses. This high order random fractured and dry surface morphology demonstrate material has fewer glass forming tendency and inferior physical (electronic conduction, thermal) property. On the other hand, indium concentration containing glasses have been exhibited (see Figs. 1(b)-(e)) comparatively compact, lush and shiny surface morphologies. Compactness and shiny glow in micro surface morphologies increases upto (see Fig. 1 (d)) 6 at wt% of indium afterward decreases for 10 at wt% composition glass (see Fig. 1 (e)). Increase in compactness and shiny glow in micro surface morphologies upto 6 at wt% of indium concentration, owing to the consequence of an increase in unsaturated hydrogen like bond density in localized states of materials.
DSC Thermograms
DSC patterns of Se 93−x Zn 2 Te 5 In x (0 ≤ x ≤ 10) glasses at a heating rate of 10 K (min) −1 has been given in Figure 2 . DSC traces are clearly exhibited the endothermic and exothermic phase reversal peaks at the glass transitions and crystallizations temperatures, such as; transitions temperature (T g , onset crystallizations temperature (T c , peak crystallizations temperature (T p .
Normally chalcogenide glasses exhibits a considerable shift in glass-transitions and crystallizations temperatures with increasing heating rates. The subjected glasses are also showing such behaviours with small glass-transitions temperatures shifts, cause, presence of metallic, semi-metallic and metallic bonds in configuration. While a considerable shift has been observed in onset and peak crystallizations temperatures. In this significance the glass transitions and crystallizations DSC peaks variations in under test materials could be expressed in term of thermal relaxation from a state of higher enthalpy toward to metastable equilibrium states of lower enthalpy. Such processes of thermal relaxation depend on temperature and may quite fast near the glass-transition temperature. The observed glass transitions peaks in DSC measurements may arise due to abrupt change in specific heat and decrease in viscosity. 39 While the crystallizations peaks cause the production of excess free-volume. Thus the materials crystallizations temperatures as well as the mode of crystallizations extensively depend on the alloys compositions. 40 
Heating Rate Dependence of T g
Glass transition temperature T g represents the strength or rigidity of the glassy alloy. It is well established the T g of a glassy alloy vary with the heating rate . 41 42 The Lasocka empirical relation frequently used to analyze the dependence of T g on , their relationship is as:
here A and B are the constants. The value of A indicates the glass transition temperature for the heating rate of 1 K/min. It has been studied by various workers the slope B can be related to the cooling rate of the melt: the lower cooling rate of the melt have a lower value of B. The physical significance of B can also relate to the response of the configurational changes within the glass transformation region. 43 Plots of T g versus ln has been exhibited in Figures 3(a) -(e) and corresponding Lasocka parameter (K) and least squire (R 2 ) values are listed in Table I . Obtained outcomes demonstrated that, this relation is good in agreement for the test materials.
Activation Energy of Crystallization
Activation energy of crystallization represents the involvement of molecular motions and rearrangements of the atoms around the critical transition temperature 44 in a system. In isothermal and non-isothermal DSC measurement atoms undergo infrequent transitions between the local (or metastable state) potential minima states which separated from different energy barriers in the configuration space, where each local minimum state represents a different structure. The most stable system configuration has local minima structure in a glassy region. This literal meaning the glass atoms possessing minimum activation energy have higher probability to jump in metastable state of lower internal energy configuration state. Such local minima configuration state occurs at the particular composition of alloy which refers as a most stable glass. 45 Therefore, activations energies of the chalcogenide glasses at the critical transitions temperatures, like; the glass transition activation energy (E g , onset crystallization activation energy (E c and peak crystallization activation energy (E p the amount of energies which is absorbed by a group of atoms to jump from one metastable state to another state. 45 
46
ARTICLE
Glass Transition Activation Energy
Glass transitions activations energies of the examined glasses can be calculated by using Moynihan method.
where is the heating rate, E t is the glass transition activation energy of a system and T g in usual meaning. Plots of Figure 4 , ln versus 10 3 /T g gives the E t values, obtained corresponding values is also listed in Table II . In which E t values have been shown a maxima and a minima for 0 and 6 at wt% indium compositions glasses.
Onset Crystallization Activation Energy
Onset crystallization activation energy (E c is the amount of thermal energy which reflects the requirement of the minimum energy to begin the phase transformation from glassy to crystallization state of a system. Onset crystallizations activations energies of under test glasses can be obtained by employing the Takhor method 47 which is analogous to Ozawa method.
Here symbols are in usual meaning. Plots of Figure 5 , ln versus 10 3 /T c gives the E c values, their corresponding values listed in Table II . This obtained outcome also has a minima at 6 at wt% of indium.
ARTICLE
Peak Crystallization Activation Energy
Peak crystallization activation energy (E p of a glass expresses the amount of heat energy which requires for utmost crystallization. E p of test glasses can also obtained by using the Takhor method 47 in the following form:
Here symbols are in usual meaning. Values of E p have been evaluated to help of Takhor plots (see Fig. 6 ), their corresponding values listed in Table II . Obtained E p values also have a maxima and minima respectively for 0 and 6 at wt% indium compositions glasses.
Order of Crystallization
The order of crystallization reaction (Avrami exponent n) to under test materials can be obtained by using the well known following relation:
where T FWHM is the width of the crystallization peak at half maximum, other symbols carry in their usual meanings. It is well known as-quenched glass containing no preexisting nuclei, therefore, the dimensionality of crystal growth (m) is equal to (n − 1), and m will be 1 if n is less than 2, when a glass containing a sufficiently large number of nuclei. This might be due to heat treatment of the as-quenched glass m = n. 35 Thus values of m for the under examined glasses can be evaluated as m = n − 1.
Obtained values of Avrami exponent (n) and order of crystal growth parameter (m) for under test glasses is listed in Table II , and their corresponding variation trend is given 
DISCUSSION
Composition dependence surface morphologies and activations energies (E t , E c and E p variations could be explained with the help of chemical bond theory of solids. It is expected that the concentrations of Zn and Te dissolve in Se chains and makes Zn Zn, Te Te, Se Se, Se Zn, Se Te, Se Zn Te homonuclear and heteronuclear bonds. Primarily, Se Zn Te ternary glassy system has formed cross-link heteronuclear metastable state structure. The heteronuclear bonds have produces the defects in density of localized state owing to the existence of dangling bonds in alloy stoichiometry. [49] [50] [51] Due to incorporation of foreign element Te concentration in the matrix, the whole stoichiometry has been transformed into quaternary Se Zn Te In system. Se Zn Te In glassy matrix possibly makes the dominating Se In heteronuclear bonds with other metallic characters bonds Zn In, Te In. In which Se In heteronuclear bonds play an important role in microscopic morphological as well as in crystallizations kinetics variations due to fixed amounts of Zn and Te. Addition of additional indium concentration produces the heavily cross-linked structure in which steric hindrance increases. Therefore the expanse of Se chains and replacement of weak Se Se bonds by Se In bonds results the increase and decrease in associative activations energies. A chemical threshold is occurring at critical composition (6 at wt% of In). At this concentration glassy structure is becoming more chemically ordered and contains a large number of Se In bonds. As consequence a significant change is observed in micro surface morphology and in kinetics parameters of threshold composition alloy.
Incorporation of indium concentration beyond the threshold composition reduced the Se In bonds and increases the In In bond strength in glassy stoichiometry. The increase and decrease in bond strengths of Se In and In In has influenced the defects/dangling bonds densities of the configuration. Hence alternation in dangling bonds densities leads to reduced the E t , E c , E p , n and m values of corresponding Se 83 Zn 2 Te 5 In 10 glass and produced a significant change in surface morphology of this alloy.
CONCLUSIONS
In brief, author has discussed the composition dependence surface morphologies and crystallizations kinetics of Se 93−x Zn 2 Te 5 In x (0 ≤ x ≤ 10) chalcogenides. Outcomes of this study demonstrated that considerable composition dependence morphological changes have been noticed in micro surface morphologies. Micro surface morphology of 6 atomic percentage indium glass is exhibited comparatively lush, compact and shiny surface than other glasses. This kind surface structural morphology might be become owing to occurrence large number heterogeneous bond frustration within alloy stoichiometry.
Further composition dependence kinetics parameters E t , E c , E p , n and m values have been achieved lower for 6 indium atomic percentage concentration glass cause, internal configurational changes in under test materials. Subsequently, it has also obtained that, the order of crystallization extensively altered with alloys concentrations and one and two dimensional crystallization growth mechanisms estimated for theses glasses.
